An all-perovskite ferroelectric field-effect transistor with a ferroelectric Pb(Zr 0.2 Ti 0.8 )O 3 ͑PZT͒ gate and a colossal magnetoresistive La 0.8 Ca 0.2 MnO 3 ͑LCMO͒ channel has been successfully fabricated by pulsed-laser deposition on Si. A clear and square channel resistivity hysteresis loop, commensurate with the ferroelectric hysteresis loop of PZT, is observed. A maximum modulation of 20% after an electric field poling of 1.5ϫ10 5 V/cm, and 50% under a magnetic field of 1 T, are achieved near the metal-insulator transition temperature of the LCMO channel. A data retention time of at least one day is measured. The effects of electric and magnetic fields on the LCMO channel resistance are discussed within the framework of phase separation scenario. 2,8 Among these candidates, the mixed valent manganite is of particular importance because of its colossal magnetoresistance ͑CMR͒.
Perovskite ferroelectrics ͓e.g., Pb(Zr x Ti 1Ϫx )O 3 ] have stimulated intensive studies due to their application potential in a variety of devices, for example, in a ferroelectric fieldeffect transistor ͑FeFET͒. 1 However, the ferroelectric perovskite is not highly compatible with a traditional Si channel because of the diffusion of Pb and Ti into silicon and the formation of an intermediate silicate layer at the interface. Therefore, an all-perovskite FET structure has been introduced by using a perovskite semiconducting channel. 2 3 . 2, 8 Among these candidates, the mixed valent manganite is of particular importance because of its colossal magnetoresistance ͑CMR͒. 9 The tunability of their transport properties by electric field, magnetic field, and chemical substitutions makes CMR manganites interestingly different from other semiconductors and is very valuable for practical applications. On the other hand, a study of the influence of the electric and magnetic fields on their transport is a powerful method in itself to explore the scientific nature of the complicated interactions among spin, charge, orbital, and lattice degrees of freedom in manganites. However, all the CMR-based FeFETs reported so far 2, 8, 10, 11 are made on oxide substrates, because of the difficulty to grow a high-quality perovskite structure on a Si substrate, which is of more practical interest. Recently, by using a SrTiO 3 ͑STO͒ template, 12 epitaxial growth of ferroelectric 13 and CMR 14 perovskite thin films have been realized on Si, which enabled us to integrate an allperovskite FeFET with a commercial semiconductor technology.
In this letter, we report an all-perovskite FeFET structure with a ferroelectric Pb(Zr 0.2 Ti 0.8 )O 3 ͑PZT͒ gate and a CMR La 0.8 Ca 0.2 MnO 3 ͑LCMO͒ channel on Si, and the effects of electric and magnetic fields on the LCMO electrical resistance.
The structure of the FeFET is shown in Fig. 1 . Following an approximately 20-nm-thick STO template growth on Si by molecular-beam epitaxy, a 75-nm-thick SrRuO 3 ͑SRO͒ bottom electrode, a 400-nm-thick PZT and a 50-nm-thick LCMO layer were deposited by pulsed-laser deposition ͑PLD͒ ͑248 nm, 5 Hz, 1 J/cm 2 ͒ under an oxygen pressure of 100-400 mTorr with a substrate temperature of 650°C. The final device structure was formed through standard photolithography, lift-off, and chemical etching. A Pt layer was grown by PLD as the top electrode. The LCMO channel size was 20 mϫ200 m, while the Pt electrode size was 200 mϫ200 m.
The crystallinity and crystallographic orientation of the grown films were studied by x-ray diffraction ͑XRD͒. From a XRD ϳ2 scan shown in Fig. 2 , all the SRO, PZT ͑0.4121 nm͒, and LCMO films are (00l) or (l00) oriented, without any impurity phases. The out-of-plane lattice parameters of PZT and LCMO ͑0.3810 nm͒ are smaller than their bulk values since both PZT and LCMO are subject to an in-plane tensile strain due to the thermal expansion mismatch with Si. Ferroelectricity in the PZT layer was characterized using a RT-66 system through the gate and the drain electrodes shown in Fig. 1 . Low-frequency ferroelectric hysteresis measurements ͓Fig. 3͑a͔͒, show a square hysteresis loop, indicating the high quality of the PZT film. It was ensured that the leakage current was less than 1 nA under a 5 V bias.
The zero-field resistivity of the LCMO film between the source and the drain electrodes was measured from room temperature to 5 K, as shown in the inset in Fig. 2 temperature in its paramagnetic phase and reaches its maximum value at around 220 K. Below the peak temperature, LCMO goes into its ferromagnetic phase and its resistivity begins to decrease rather abruptly. To measure the ferroelectric field effect on the LCMO channel resistivity, an electric voltage was applied to the PZT layer through the gate and the drain. The resistivity of the LCMO layer between source and drain was measured 3 s after the gate bias was turned off to allow any switching transients to die down. The LCMO resistivity at 200 K as a function of applied gate voltage is plotted in Fig. 3͑b͒ . A clear resistivity hysteresis loop was observed with sweeping the gate voltage. The maximum channel resistivity modulation ͕͓( ϩ5 V Ϫ Ϫ5 V )/ Ϫ5 V ͔ ϫ100%͖ seen was about 20%. The similarity in the shape of the hysteresis loop and the coercive voltage between the ferroelectric loop in Fig. 3͑a͒ and the resistivity loop in Fig.  3͑b͒ confirms that the resistivity change in the LCMO channel is attributed to the polarization change in the PZT gate resulting from the gate poling. The well-saturated resistivity hysteresis loop means that we could switch the channel resistance between two stable states with a difference of 20% by applying a ϩ5V or Ϫ5V pulse. We observed a change of less than 3% at each state for a retention time of 20 h. Similar channel resistivity hysteresis loops were measured at various temperatures. The squares in the inset in Fig. 4 show the temperature dependence of the LCMO resistivity modulation. Clearly, the modulation reaches its maximum value at 200 K, which is close to the metal-insulator phase transition temperature of LCMO. As discussed later, this is consistent with an electronic phase separation in LCMO. The ferroelectric field effect was also studied under a magnetic field. By applying a magnetic field up to 1.2 T, the shape of the LCMO resistivity hysteresis loop and the resistivity modulation value remain the same as those without field, although the absolute resistivity value is reduced by the magnetic field, as discussed subsequently. The effect of a magnetic field on the LCMO resistivity was studied at different temperatures. We define MR ratio and MR sensitivity F as ͓(R 0 ϪR H )/R 0 ͔ϫ100% and F ϭ(R 0 ϪR H )/R 0 ⌬H, respectively, where R H and R 0 are the resistance with and without the magnetic field H, respec- tively, and ⌬H is the magnetic field change. The MR ratio versus applied magnetic field at 200 K, with and without gate poling, is shown in Fig. 4 . There is little influence of the electric poling on the MR ratio, although it affects the absolute resistance value. Under the magnetic field, the LCMO resistance decreases and the MR ratio increases with the field. The MR ratio at 1500 Oe is about 10%, yielding a MR sensitivity F of 0.7%/100 Oe, while the maximum MR ratio value reaches 50% at 1 T. The maximum MR ratio in our LCMO channel on Si ͑50% at 1 T͒ is comparable to the data reported on oxide substrates, for example, STO ͑80% at 6 T͒, 8 LaAlO 3 ͑LAO͒ ͑28% at 0.5 T͒, 10 and NdGaO 3 ͑NGO͒ ͑25% at 0.4 T͒. 15 The MR ratio as a function of temperature is plotted by the triangles in the inset in Fig. 4 . As for the electric field modulation ͑squares in the inset in Fig. 4͒ , the MR ratio reaches its peak value at 200 K.
The observed resistivity change under electric and magnetic fields can be qualitatively explained using the electronic phase separation scenario. 16 Theoretical and experimental studies have revealed that coexistence of multiple phases ͓e.g., ferromagnetic ͑FM͒ and charge-ordered ͑CO͔͒, and the mutual interactions between them are very important to understand the transport properties of mixed valence manganites under an external field. 16, 17 Some experiments have verified that insulating regions exist in a La 1Ϫx Ca x MnO 3 film with xϽ0.5 even under its Curie temperature T C , 18 -22 where it is supposed to be FM metallic according to its phase diagram. 16, 23 Strain effect from the substrate is also shown to play an important role in this context. [20] [21] [22] It has been theoretically predicted that when the interaction between Mn ions is at some critical condition, the transition between FM and CO phases could change from the first-order to the secondorder; that is, the two phases could coexist. 17 In our Si-based FeFET case, the biaxial strain in the LCMO layer ͑1.5%, tensile͒ could change the length and angle of the Mn-O-Mn bond in LCMO, and may tune the interaction between Mn ions in the vicinity of the critical condition predicted by the theory. We could thus reasonably assume that the LCMO channel in our study is electrically inhomogeneous, with FM metallic and CO insulating regions in the p-type semiconductor channel.
A negative voltage applied to the gate polarizes the ferroelectric PZT such that the electronic dipole moment points down, out of the LCMO channel. This causes holes to accumulate at insulating-metallic interfaces, moving the interfaces to the insulating sides and enlarging the metallic domains. Larger metallic domains with a better connectivity would trigger a percolation process, causing the resistance to decrease. A positive voltage does the opposite, leading to an increase in the channel resistance. The magnetic field, on the other hand, could align all the spin orientations, thus decreasing the spin-dependent scattering in the metallic domains. Therefore, the observed electric and magnetic field effects on the FeFET are consistent with the phase separation picture. Indeed, the observed temperature dependence of the LCMO resistivity modulation is also consistent with the picture of a competition between the metallic and insulating domains, which is the strongest near the metal-insulator transition temperature.
In conclusion, an all-perovskite FeFET structure has been fabricated by the epitaxial growth of a ferroelectric PZT gate and a CMR LCMO channel on STO-buffered Si substrate by PLD. The tunability of the channel resistance under electric and magnetic fields has been studied. A maximum modulation of 20% after an electric field poling of 1.5 ϫ10 5 V/cm and 50% under a magnetic field of 1 T has been observed near the metal-insulator transition temperature. The observed effects are consistent with the phase separation picture. The results shown in this work indicate the possibility to integrate the CMR-based FeFET with the semiconductor Si technology, which is of great interest for a multicontrolled, nonvolatile memory cell.
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